myo-Inositol, the precursor of all inositol compounds, has pivotal roles in cell metabolism and signaling pathways. Although physiological studies indicate a strong correlation between abnormal intracellular inositol levels and neurological disorders, very little is known about the regulation of inositol synthesis in mammalian cells. In this study, we report that IP6K1, an inositol hexakisphosphate kinase that catalyzes the synthesis of inositol pyrophosphate, regulates inositol synthesis in mammalian cells. Ip6k1 ablation led to profound changes in DNA methylation and expression of Isyna1 (designated mIno1), which encodes the rate-limiting enzyme inositol-3-phosphate synthase. Interestingly, IP6K1 preferentially bound to the phospholipid phosphatidic acid, and this binding was required for IP6K1 nuclear localization and the regulation of mIno1 transcription. This is the first demonstration of IP6K1 as a novel negative regulator of inositol synthesis in mammalian cells. . 4 The abbreviations used are: Glc-6-P, glucose 6-phosphate; IP6K1, inositol hexakisphosphate kinase 1; PA, phosphatidic acid; PP-IP4, diphosphoinositol tetrakisphosphate; IP7, diphosphoinositol pentakisphosphate; MEF, mouse embryonic fibroblast; NLS, nuclear localization signal; Tricine, N-[2-hydroxy-1,1-bis(hydroxymethyl)ethyl]glycine. MAY 13, 2016 • VOLUME 291 • NUMBER 20 JOURNAL OF BIOLOGICAL CHEMISTRY 10437
Inositol is a ubiquitous six-carbon cyclitol that is essential for viability of eukaryotic cells. myo-Inositol, physiologically the most important stereoisomer of inositol, is the precursor of all inositol compounds, including phosphoinositides, inositol phosphates, inositol sphingolipids, and glycosylphosphatidylinositols. Inositol compounds are essential for gene expression (1) , trafficking (2) , signal transduction (3) , and membrane biogenesis (4) . The crucial role of inositol is underscored by the link between perturbation of inositol metabolism and human disorders (5) . Therefore, elucidating the mechanisms underlying the control of inositol homeostasis is expected to have important implications for understanding cell function and the pathologies underlying many illnesses.
Although cellular inositol can be obtained from the extracellular environment or by recycling inositol lipids (6, 7) , the de novo synthesis of inositol is essential for inositol homeostasis and cellular proliferation when environmental inositol is limiting (8, 9) . Inositol synthesis is a two-step reaction in which glucose 6-phosphate (Glc-6-P), 4 the branch point metabolite for glycolysis, the pentose phosphate pathway, and inositol synthesis, is converted to inositol 3-phosphate, which is dephosphorylated to inositol. The first and rate-limiting step of inositol synthesis is catalyzed by inositol-3-phosphate synthase (10 -14) . Significantly high levels of inositol are found in brain tissue, which has limited access to exogenous inositol (15) , suggesting that de novo synthesis of inositol is critical for normal brain function. Importantly, alterations in inositol metabolism have been associated with bipolar disorder and Alzheimer disease (5, 16, 17) .
Despite its importance, little is known about the regulation of inositol synthesis in mammals. In contrast, the regulation of inositol synthesis has been well characterized in the budding yeast Saccharomyces cerevisiae. Inositol synthesis in yeast is regulated at the level of transcription of INO1 (18, 19) , the gene that codes for inositol-3-phosphate synthase, and by phosphorylation of the Ino1 protein (20) . INO1 expression is controlled by the transcriptional repressor Opi1 in response to inositol and phosphatidic acid (PA) levels (21) . Opi1 is stabilized by physically interacting with PA on the endoplasmic reticulum membrane. When inositol is limiting, PA levels are increased; Opi1 remains in the endoplasmic reticulum, and INO1 transcription is derepressed to increase inositol synthesis. When inositol levels are abundant, PA is rapidly consumed for phosphatidylinositol synthesis; Opi1 is released from the endoplasmic reticulum and translocates into the nucleus, where it represses INO1 transcription resulting in decreased inositol synthesis. We have recently demonstrated that transcription of INO1 in yeast is regulated by the synthesis of inositol pyrophosphates, as INO1 transcription requires the Kcs1-catalyzed synthesis of diphosphoinositol tetrakisphosphate (PP-IP 4 ) (1).
In contrast to inositol synthesis in yeast, transcription of Isyna1 (the mammalian homolog of yeast INO1, which we refer as mIno1 in this report), is not regulated in response to inositol (9, 22) . However, in this study, we demonstrate for the first time that inositol synthesis in mouse embryonic fibroblast (MEF) cells is regulated by inositol pyrophosphate. Knock-out of inositol hexakisphosphate kinase IP6K1 (which catalyzes the formation of pyrophosphate at position 5 of inositol pentakisphosphate/inositol hexakisphosphate to generate 5PP-IP 4 /5PP-IP 5 (IP 7 ), respectively (23)), led to increased transcription and altered DNA methylation of mIno1. This resulted in increased levels of mINO1 protein and increased intracellular inositol. Thus, in contrast to positive regulation of INO1 in yeast, inositol pyrophosphate negatively regulates mIno1 transcription. Intriguingly, similar to the yeast transcriptional repressor Opi1, IP6K1 protein bound with high affinity to PA. Deletion of the PA-binding sequence decreased both nuclear localization of IP6K1 and repression of mIno1 transcription. Our findings suggest a model whereby inositol pyrophosphate negatively regulates inositol synthesis by PA-facilitated entry into the nucleus and repression of mIno1 transcription.
Experimental Procedures
Cell Lines, Yeast Strains, and Growth Conditions-Wild type, IP6K1-KO, IP6K1-KO ϩ pMX-IP6K1, and IP6K1-KO ϩ pMX-EV MEF cell lines (kindly provided by Dr. Anutosh Chakraborty, Scripps Research Institute) were grown in DMEM (Gibco) containing 10% FBS (Hyclone) and penicillin (100 units/ml)/streptomycin (100 g/ml) (Invitrogen) (24) . IP6K1-KO ϩ pMX-IP6K1 and IP6K1-KO ϩ pMX-EV cells were grown in the media supplemented with 4 g/ml blasticidin (Sigma). The yeast S. cerevisiae kcs1⌬ strain was obtained from Yeast Deletion Clones (Invitrogen). Yeast cells were grown at 30 or 37°C in synthetic complete (SC) medium, which contained glucose (2% w/v) and necessary supplements, including adenine (20 mg/liter), arginine (20 mg/liter), histidine (20 mg/liter), methionine (20 mg/liter), tryptophan (20 mg/liter), leucine (60 mg/liter), lysine (200 mg/liter), threonine (300 mg/liter), ammonium sulfate (0.2% w/v), inositol-free Difco vitamin mix, vitamin-free yeast base, plus agar (2% w/v) for solid medium. Inositol (75 M) was added separately as indicated.
RT-PCR-MEF cells were grown in DMEM containing 10% FBS. RNA was extracted from cells by using RNeasy Plus mini kit (Qiagen) and was converted to cDNA with a transcriptor first strand cDNA synthesis kit (Roche Applied Science). RT-PCR was performed using Brilliant III Ultra-Fast SYBR Green quantitative PCR master mix (Agilent) and MX3000p quantitative PCR system (Agilent). mRNA levels were normalized to GAPDH.
Immunoblotting-Cells were harvested, washed with icecold PBS, and lysed by vortexing in lysis buffer (50 mM Tris-HCl, 125 mM NaCl 2 , 1% Nonidet P-40, 2 mM EDTA, and 1ϫ protease inhibitor) for 30 min at 4°C. Protein concentration was determined using a Pierce BCA protein assay kit (Thermo). Cell extract corresponding to 30 g of protein was analyzed by SDS-PAGE on a 10% gel. Immunoblotting was performed using primary antibodies against mINO1 (ISYNA1) (sc-134687, rabbit, Santa Cruz Biotechnology), IP6K1 (GTX103949, rabbit, Gene Tex), and ␤-actin (sc-69879, mouse, Santa Cruz Biotechnology) and corresponding secondary antibodies.
Measurement of Intracellular Inositol and Glc-6-P Levels in MEF Cells-Intracellular inositol levels were determined as described before using the method of Maslanski and Busa (25) . In brief, MEF cells were lysed in lysis buffer (50 mM Tris-HCl, 125 mM NaCl 2 , 1% Nonidet P-40, and 2 mM EDTA) at 4°C. Cell extracts were mixed with 7.5% perchloric acid and centrifuged at 10,000 ϫ g for 10 min at 4°C. Supernatants were collected and titrated with ice-cold KOH to pH 7. Samples were clarified by centrifugation and loaded onto columns containing 1 ml of AG 1-X8 resin/H 2 O (1:1) mixture. Inositol was eluted with 5 ml of distilled H 2 O; eluates were dried in an oven at 70°C and stored at Ϫ80°C. Prior to assay, samples were dissolved in distilled H 2 O. Inositol content in samples was measured as described previously (26) .
To determine intracellular Glc-6-P levels, MEF cells were washed twice with ice-cold PBS. Cell pellets were mixed with 1 ml of ice-cold MeOH/CHCl 3 (2:1), vortexed, and stored at Ϫ20°C for 2 h. Samples were then mixed with extraction solution (50% MeOH, 4 mM Tricine, pH 5.4) and centrifuged at 18,000 ϫ g for 10 min. The upper phase was collected and kept on ice. The lower chloroform phase was extracted again with extraction solution. Upper phases from both extractions were combined, dried with a SpeedVac, and stored at Ϫ80°C. Prior to assay, samples were dissolved in distilled H 2 O. Glc-6-P content in samples was measured by the enzyme-coupled fluorescence assay developed by Zhu et al. (27) with modification.
Protein Lipid Overlay Assay-pGEX-6P-2 plasmids harboring Ip6k1 variants were constructed using a Q5 site-directed mutagenesis kit (New England Biolabs) with pGEX-6P-2-IP6K1 (from Dr. Anutosh Chakraborty) as template. pGEX-6P-2-IP6K1 and corresponding mutants were transformed into BL21 (DE3) pLysS cells for isopropyl 1-thio-␤-D-galactopyranoside-induced overexpression. Escherichia coli cells were lysed by French press to obtain cell extracts. IP6K1 proteins were then purified from E. coli cell extracts using a GST spin purification kit (Life Technologies, Inc.). A protein lipid overlay assay was performed according to the protocol of Dowler et al. (28) with modification. In brief, lyophilized lipids were dissolved in a 1:1 solution of methanol and chloroform to make 1 mM stocks. Lipids were diluted to concentrations ranging from 500 to 5 M in a 2:1:0.8 solution of methanol/chloroform/water. Then 1 l lipid samples from each dilution were spotted on nitrocellulose membranes. After drying for 1 h at room temperature, membranes were incubated in blocking buffer (50 mM Tris-HCl, pH 7.5, 150 mM NaCl 2 , 0.1% Tween 20, and 2 mg/ml BSA) with gentle rocking for 1 h at room temperature. Membranes were incubated overnight at 4°C with gentle rocking in 10 ml of blocking buffer containing 25 g of purified IP6K1 proteins. IP6K1 proteins bound to lipid drops on the membrane were detected by immunoblotting using primary antibodies against IP6K1 (GTX103949, rabbit, Gene Tex), GST-tag (2625, rabbit, Cell Signaling), and corresponding secondary antibodies.
Fluorescence Microscopy-pEGFP-C1 plasmids harboring Ip6k1 variants were constructed using a Q5 site-directed mutagenesis kit (New England Biolabs) with pEGFP-C1-IP6K1 (from Dr. Anutosh Chakraborty) as template. IP6K1-KO cells were transfected with pEGFP-C1-IP6K1 plasmid and corresponding mutants using Lipofectamine 2000 (Life Technologies, Inc.). Fluorescence microscopy was performed using an Olympus BX41 fluorescence microscope. Images were acquired using an Olympus Q-Color3 camera operated by QCapture2 software. All pictures were taken at ϫ400 at room temperature.
Determination of DNA Methylation Levels-Genomic DNA samples extracted from WT and IP6K1-KO cells using a Wizard Genomic DNA purification kit (Promega) were subjected to DNA bisulfite conversion using an EZ DNA Methylation-Gold kit (Zymo Research) and sequencing for the determination of methylation levels.
Results

IP6K1 Rescues Inositol Deficiency in the Yeast kcs1⌬
Mutant-We have previously shown that Kcs1-catalyzed inositol pyrophosphate synthesis is required for optimal transcription of INO1 in yeast (1) . To determine whether mouse IP6K1 can supply the function of yeast Kcs1, we expressed Ip6k1 in the yeast kcs1⌬ mutant. As seen in Fig. 1 , kcs1⌬ mutant cells expressing the wild type Ip6k1 gene grew normally, whereas the kinase-dead Ip6k1 (Ip6k1 KD ) gene (29) failed to support growth of the kcs1⌬ mutant. Therefore, mouse IP6K1 is the functional homolog of yeast Kcs1, which can rescue defective inositol synthesis in yeast by restoring inositol pyrophosphate synthesis.
IP6K1 Is a Negative Regulator of Inositol Synthesis in MEF Cells-To ascertain whether IP6K1 regulates mammalian inositol synthesis, we determined the effects of knocking out Ip6k1 (IP6K1-KO). Surprisingly, IP6K1-KO cells exhibited a 5-fold increase in mIno1 mRNA levels ( Fig. 2A) . Consistent with increased transcription, mINO1 protein levels were also increased in IP6K1-KO cells (Fig. 2B) , and inositol levels were 75% higher in the IP6K1-KO cells than in WT cells (Fig. 2C ). Levels of intracellular Glc-6-P, the substrate for inositol synthesis, decreased correspondingly ( Fig. 2D ). Taken together, these findings indicate that IP6K1 is a negative regulator of inositol synthesis.
IP6K1 Regulates mIno1 DNA Methylation-As seen in Fig.  2B , two mINO1 proteins were expressed in IP6K1-KO cells. A previous study reported that alternative splicing of mIno1 results in ␣, ␤, and ␥ mRNA transcripts, which generate protein isoforms (30) . The ␣ transcript is the full-length mRNA; the ␤ mRNA contains a truncated exon 2, and the ␥ mRNA is transcribed from a second ATG site within the unremoved intron 4.
To determine which isoforms are expressed in IP6K1-KO cells, we compared cDNA from WT and IP6K1-KO cells by PCR analysis, using specific primers that distinguished among these mRNAs. Both the ␣ and ␥ mRNAs were present in the IP6K1-KO cells, but only the ␣ mRNA was detected in WT cells (data not shown). These findings indicated that isoforms observed in Fig. 2B are translated from the ␣ (upper band) and ␥ (lower band) splicing forms.
Previous studies indicated that in vitro methylation of the human INO1 promoter significantly decreased reporter gene expression (31) . To determine whether altered DNA methylation could account for the mINO1 isoforms observed in IP6K1-KO cells, we analyzed methylation of mIno1 DNA using DNA bisulfite conversion of WT and IP6K1-KO genomic DNA followed by probing with primers targeting the sequence from Ϫ286 to ϩ160, which is enriched in CpG islands (Fig. 3 ). In the mIno1 promoter region, most of the CpG sites exhibited a similar, but slightly decreased, pattern of methylation in IP6K1-KO cells compared with WT cells. However, the CpG sites between the first and second ATGs exhibited markedly less methylation in IP6K1-KO cells. These findings suggest that IP6K1 may negatively regulate mIno1 transcription by increasing the methylation of mIno1 DNA.
IP6K1 Requires PA Binding for Nuclear Localization and Repression of mIno1 Transcription-As discussed above, negative regulation of INO1 transcription in yeast is mediated by the Opi1 transcriptional repressor. Although homologs of Opi1 have not been identified in mammalian cells, we considered the possibility that IP6K1 may exhibit functional similarity to Opi1. Opi1 is retained in the cytoplasm by binding to PA and translocates to the nucleus when PA is limiting. As shown in the protein lipid overlay assay (Fig. 4A ), purified recombinant IP6K1 displayed a markedly high affinity to PA and only weak binding to other phospholipids.
To determine the functional significance of PA binding, we constructed the IP6K1 deletions shown in Fig. 4B and determined the ability of truncated proteins to bind PA. Deletion of Q2 but not the other sequences greatly diminished PA binding activity of IP6K1 (Fig. 4C ). We then determined the effect of Q2 deletion on localization of IP6K1. IP6K1-KO cells expressing GFP-tagged wild type IP6K1 exhibited intense fluorescence in the nucleus in about 75% of cells ( Fig. 5 ). Deletion of the Q2 domain resulted in decreased nuclear localization in more than 60% of cells. Interestingly, IP6K1-KO cells expressing GFP-Q2⌬ exhibited increased mIno1 mRNA levels compared with cells expressing wild type IP6K1 (Fig. 6) . These results indicate that interaction with PA facilitates IP6K1 nuclear localization and is required by IP6K1 to repress mIno1 expression.
Protein BLAST sequence alignment identified a small region of sequence homology between the Q3 domain of IP6K1 and yeast Opi1, especially in the region of positively charged residues that are critical for the PA binding activity of the yeast protein (Fig. 4B) . The IP6K1 region containing these sequences was designated HOPA (Homology to Opi1 PA binding). To determine the function of the HOPA domain, we constructed an IP6K1 mutant in which this region is deleted (HOPA⌬). The HOPA⌬ protein exhibited normal PA binding activity (Fig. 4D) as expected, as PA binding is conferred by the Q2 domain. Strikingly, however, deletion of the HOPA domain resulted in exclusion of IP6K1 from the nucleus in more than 70% of cells ( Fig. 5 ). Consistent with this finding, cNLS Mapper predicts a FIGURE 1. IP6K1 rescues kcs1⌬ inositol auxotrophy. Serial dilutions of yeast kcs1⌬ cells transformed with indicated plasmids were spotted on synthetic complete Ura Ϫ medium in the presence or absence or 75 M inositol. Plates were incubated at the indicated temperatures for 3 days.
FIGURE 2. Inositol synthesis is up-regulated in IP6K1-KO cells.
A, mIno1 mRNA levels are increased in IP6K1-KO cells. WT and IP6K1-KO MEF cells were grown in DMEM with 10% FBS and harvested for mRNA extraction. mIno1 mRNA levels were determined by RT-PCR (two independent experiments with two replicates each) (*, p Ͻ 0.05). B, mINO1 protein levels were profoundly increased in IP6K1-KO cells (left). The expression of Ip6k1 in IP6K1-KO cells restored mINO1␣ and mINO1␥ levels (right). MEF cells were grown in DMEM with 10% FBS in the presence or absence of 4 g/ml blasticidin. Cells were harvested and lysed for protein extraction. 30 g of total cell extract from each sample were subjected to Western blot analysis using 10% SDSpolyacrylamide gel. C, IP6K1-KO cells exhibited increased intracellular inositol levels. Intracellular inositol levels in MEF cells were determined as described under "Experimental Procedures" (three independent experiments with two replicates each) (*, p Ͻ 0.05). D, intracellular Glc-6-P levels were decreased in IP6K1-KO cells. Intracellular Glc-6-P levels in MEF cells were determined by enzyme-coupled fluorescence assay as described under "Experimental Procedures" (three independent experiments with two replicates each) (*, p Ͻ 0.05). Values are mean Ϯ S.E. Statistical significance was determined by unpaired t test. potential nuclear localization signal (NLS) in the HOPA domain. Interestingly, the NLS of yeast Opi1 is in the homologous region (Fig. 4B ). Expression of HOPA⌬ in IP6K1-KO cells resulted in increased mIno1 mRNA levels relative to cells expressing WT IP6K1 (Fig. 6) . The catalytic motif of IP6K1 also lies in the Q3 domain (32, 33) . Expression of Q3⌬, which lacks both the HOPA domain and the catalytic motif, also led to increased mIno1 mRNA levels in IP6K1-KO cells (Fig. 6) .
The Q1⌬ deletion did not affect nuclear localization (Fig. 5 ) or mIno1 mRNA levels. Although the Q4⌬ deletion did not affect nuclear localization (Fig. 5 ), it resulted in increased mIno1 transcription. The Q4 domain contains the ATP-binding motif (32, 33) , which is critical for IP6K1 catalytic activity (29, 34, 35) . Increased mIno1 transcription in IP6K1-KO cells expressing Q4⌬ indicates that IP6K1 requires catalytic activity to suppress mIno1 expression. Together, these findings indicate that binding of PA is required for localization of IP6K1 to the nucleus, where the ATP binding-dependent synthesis of inositol pyrophosphate represses mIno1 transcription.
Discussion
Despite the essential role of inositol in cell function, the mechanisms that regulate inositol synthesis in mammalian cells have not been characterized. This study demonstrates for the first time that de novo synthesis of inositol in MEF cells is regulated by IP6K1, which mediates transcriptional control of the FIGURE 4. IP6K1 binds preferentially to PA. A, IP6K1 protein was purified from E. coli cells expressing the Ip6k1 gene on the pGEX-6-P2 overexpression vector. Serial dilutions of the indicated lipids were spotted on a nitrocellulose membrane, which was incubated overnight in buffer containing 25 g of IP6K1 protein.
Interactions between IP6K1 and lipids were determined by immunoblotting, as described under "Experimental Procedures." B, IP6K1 exhibits sequence homology to yeast Opi1 (upper panel). The IP6K1 HOPA domain, which exhibits homology to the PA-binding domain of yeast Opi1, is highlighted in red. The catalytic motif of IP6K1 is highlighted in blue. The PA-binding domain of yeast Opi1 is highlighted in gray. The NLS of yeast Opi1 is underlined in purple. IP6K1 deletion mutants were constructed by site-directed mutagenesis according to the schematic figure (lower panel) . Residues deleted are indicated by numbers above the bar. C, deletion of the Q2 domain of IP6K1 decreased binding to PA. WT and mutant IP6K1 proteins were overexpressed and purified from E. coli. Interactions between protein and PA were determined as described previously. Figure represents three independent experiments. D, deletion of the HOPA domain of IP6K1 did not affect binding to PA. WT and HOPA⌬ IP6K1 proteins were expressed and purified from E. coli. Interactions between protein and PA were determined as described previously. gene (mIno1) coding for the rate-limiting enzyme of inositol synthesis. Our findings indicate that IP6K1 alters methylation and negatively regulates transcription of mIno1 and that binding of IP6K1 to PA is essential for nuclear localization of IP6K1 and repression of transcription.
IP6K1-KO cells exhibited increased expression of mIno1 ( Fig. 2A) , which was accompanied by increased mINO1 protein and inositol levels (Fig. 2, B and C) . These findings indicate that IP6K1 is a negative regulator of mIno1 transcription. Increased mIno1 expression in IP6K1-KO cells is most likely due to decreased DNA methylation ( Fig. 3) , which is associated with silencing of gene expression (36) . Seelan et al. (31) investigated the effects of methylation of the INO1 promoter on transcription of INO1 in human neuroblastoma cells transfected with plasmids carrying in vitro methylated INO1. They determined that the methylated INO1 promoter led to significantly less transcription than the non-methylated control. Our finding that IP6K1-KO cells exhibited both increased mIno1 transcription and decreased DNA methylation is the first in vivo demonstration of regulation of mIno1 by in vivo methylation.
Two lines of evidence support a role for regulation of methylation by inositol pyrophosphate. First, IP 7 (the product of IP6K1) was shown to inhibit Akt (37) , which negatively regulates methylation of imprinted genes (38) . Therefore, the deficiency of IP 7 in IP6K1-KO cells may lead to decreased mIno1 methylation as a result of increased Akt signaling. Second, IP6K1 associates with chromatin and controls histone demethylation by regulating the demethylase Jumonji domain-containing 2C (JMJD2C), which catalyzes the removal of trimethyl groups from lysines 9 and 36 of histone H3 (39) . IP6K1-KO cells exhibited decreased levels of histone H3 lysine 9 trimethylation (H3K9me3) and increased transcription of JMJD2C-regulated genes. Interestingly, DNA regions associated with H3K9me3 exhibited increased methylation (40) , whereas mutation of H3K3 led to decreased DNA methylation (41) . In this light, IP6K1 may regulate mIno1 methylation indirectly by regulating histone modification.
IP6K1 exhibits dual localization in the cytoplasm and nucleus (Fig. 5 ). The probable NLS of IP6K1 was localized to the Q3 domain, the deletion of which led to exclusion of IP6K1 from the nucleus (Fig. 5 ). Binding of the IP6K1 Q2 domain to PA is essential for translocation of the protein to the nucleus and repression of mIno1 transcription ( Figs. 5 and 6 ). Binding to PA has been shown to promote nuclear localization of transcription factor WER in Arabidopsis (42, 43) . Inhibition of phospholipase D, resulting in decreased conversion of phos- phatidylcholine to PA, suppresses nuclear localization of WER (43) . Nuclear association of phospholipase D has been reported both in mammals and plants (44, 45) . Furthermore, PA synthesis has been demonstrated in the nuclear envelope of mammalian cells (46, 47) , and PA has been detected in the nucleus (48) . To our knowledge, this study is the first to report the dependence on binding to PA for nuclear localization of a mammalian protein.
The catalytic function of IP6K1 is necessary for repression of mIno1 transcription, as deletion of the Q4 domain resulted in increased mIno1 expression (Fig. 6) . The "SLL" ATP-binding motif, which is highly conserved in the inositol polyphosphate kinase family, is localized in the Q4 domain (32, 33) , and mutation of the ATP-binding site impairs catalysis (29, 34) . Therefore, the synthesis of inositol pyrophosphate is required for repression of mIno1 transcription.
Surprisingly, although Kcs1 and IP6K1 carry out the same enzymatic function, they regulate INO1 expression in an opposite manner in yeast and mouse cells. INO1 expression is positively regulated in yeast by Kcs1 (1) but negatively regulated by IP6K1 in mouse cells (Fig. 2C ). In fact, the observed negative regulation of mIno1 expression by IP6K1 more closely resembles that of the yeast transcriptional repressor Opi1. Both Opi1 and IP6K1 bind to PA, translocate from the cytoplasm to the nucleus, and repress INO1 transcription. However, although PA binding retains Opi1 in the cytoplasm, PA binding mediates IP6K1 nuclear translocation (Fig. 5 ). In yeast, PA levels indirectly reflect inositol synthesis, which regulates INO1 expression. As inositol does not regulate INO1 expression in mammalian cells (9, 22) , we speculate that PA levels may reflect the state of cellular energy metabolism, which would affect inositol synthesis as a result of competition for the common substrate Glc-6-P.
Inositol pyrophosphate regulation is an intriguing area of signaling research. Shears (49) suggested that inositol pyrophosphates are metabolic messengers that respond to the cellular energy demand. In support of this concept, perturbing the energy balance in mammalian cells leads to decreased synthesis of inositol pyrophosphates (50) . Interestingly, inositol pyrophosphate deficiency in yeast kcs1⌬ cells leads to dysfunctional mitochondria with greatly reduced respiratory capacity (51) . To compensate, glycolysis is increased to generate ATP. Glc-6-P is the branch point of inositol de novo synthesis and glycolysis. We observed decreased intracellular Glc-6-P levels in IP6K1-KO cells (Fig. 2D ), which may be caused, at least in part, by increased inositol synthesis. Therefore, IP6K1 may repress mIno1 expression to maintain inositol synthesis at a relatively low level, reserving Glc-6-P for glycolysis.
Our findings suggest the following model ( Fig. 7) . Translocation of IP6K1 to the nucleus is facilitated by interaction with PA. In the nucleus, IP6K1 associates with chromatin and synthesizes IP 7 /PP-IP 4 . IP 7 /PP-IP 4 inhibits transcription of mIno1 by increasing methylation of mIno1 DNA, inhibiting the recruitment of transcription factors to the promoter region of mIno1 or perturbing assembly of the transcription complex. This study is the first to describe the molecular control of de novo synthesis of inositol in mammalian cells and suggests that inositol synthesis and cellular energy demand are coordinately controlled. These findings have important implications for understanding essential cellular functions that are dependent on inositol and human disorders that result from perturbation of inositol homeostasis.
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